Effects of Ca alone and Ca/Sr composite additions on microstructures, die castability, mechanical properties and creep properties of the Mg-Al based alloys are investigated for the purpose of the development of new Mg-Al-Ca-Sr alloy for automotive powertrain applications. Ca addition of more than about 1% to AM50 alloy significantly improves creep resistance but also enhance casting crack tendency. By the addition of approximately 0.2%Sr, such casting cracks are significantly suppressed, and besides creep resistance and mechanical properties increase. The improvement of creep resistance by Sr addition seems to be attributed to the suppression of grain boundary sliding due to the creation of thermally stable Al-Sr compound along the grain boundary and the suppression of discontinuous precipitation of -Mg 17 Al 12 phase.
Introduction
In recent years, the use of magnesium alloys that are the lightest structural materials have become a point of much interest with the view of weight reduction in the automotive industry in order to improve earth environment, fuel consumption and emissions.
In the West, substitution from parts such as aluminum alloy or cast iron is particularly prosperous. AZ91D alloy is the most common die casting alloy which is used more than 90% of all magnesium die cast products. Although this alloy has a good combination of mechanical properties, die castability and corrosion resistance, it has poor creep resistance at temperatures above 125 C. The poor creep resistance causes a clear decrease in clamping load at bolted joints. So it cannot be applied to powertrain components such as transmission cases where the operating temperature is 150{175 C.
1)
Therefore, a number of experimental alloys has been developed in the past decade as a result of the effort of developing creep resistant magnesium alloys for die casting, as recently reviewed by A. A. Luo. 2) However, these newly developed alloys have poor die castability and/or poor creep resistance in comparison with that of a currently used A380 aluminum alloy. 3) In these alloys the Mg-Al-Ca based alloy is of major interest. 2) Research on Ca addition to Mg-Al based alloys has been performed since 1960. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] It has been clear that Ca addition beyond a certain level to AM50 alloy enhances hot cracking tendency, though it improves creep resistance. Recently, a new Mg-Al-Ca alloy containing small additions of Sr and/or Si has been developed at General Motors Corporation. 11) In the same year, Mitsubishi Aluminum Co., Ltd. also developed a new Mg-Al-Ca-Sr alloy by making the effect of Sr additions on die castability, creep resistance and others clear. 12) This paper presents the effects of Ca alone and Ca/Sr composite additions on microstructures, die castability, mechanical properties and creep properties of the Mg-Al based alloys. Table 1 shows the chemical composition of the experimental alloys. Three alloys designated as AC alloys whose Ca contents were varied in the ranges of 0:5{1:5% using AM50 (Mg-5%Al-0.3%Mn) as a basic alloy and three alloys designated as ACSr alloys whose Sr contents in AC515 alloy with 1.5%Ca were varied in the ranges of 0:07{0:22% were prepared. Also, the AM50 and AE42 alloy were also prepared for comparison.
Experimental Procedure

Alloy preparation and die casting
These alloys were melted in a steel crucible gas furnace with a melt capacity of 40 kg. 1%SF 6 in CO 2 gas was used as a protective gas cover. Pure aluminum (99.9% purity), Al10%Mn master alloy, pure calcium (99.7% purity), Al10%Sr master alloy and mish metal containing 53%Ce were used for addition of alloying elements. Chemical analysis was performed on each alloy using ICP.
Die casting was conducted using a 135-ton cold chamber type die casting machine. The molten metal was hand-ladled into the casting machine. The pouring temperature for all alloys was set from 700 to 740 C, and the die surface temperature was maintained constant at about 200 C by a die heating unit. Figure 1 shows the appearance of the die casting test specimen. It is stairs shaped with a width of 70 mm, length of 150 mm and thickness of 3 mm on the gate side, 2 mm in the middle and 1 mm on the over-flow side. 
Castability testing
The die castability of the alloys was evaluated in terms of casting cracks. For each alloy, at least 100 shots of the die casting test specimen were made, with the first 30 specimens scrapped and the remaining 70 specimens for die castability evaluation. For the casting crack evaluation, the total length of the cracks on each specimen was measured and the average crack length was obtained as the evaluation value. The casting cracks occurred mainly near the step where the thickness changes from 2 mm to 1 mm associated with the stress concentration during solidification shrinkage.
Also, the solidification temperature range and the fluidity of some alloys were evaluated. The former was measured by the thermal analysis. The latter was evaluated by the flow length. The molten metal with a weight of 380 g was cast into a permanent spiral mold at pouring and mold temperatures of 730 C and about 180 C, respectively, to evaluate the fluidity, which was determined by the length of a spiral specimen.
Tensile and creep testing
Flat specimens with a width of 12.5 mm and gauge of 30 mm were machined from the 3 mm thick section of die cast specimens for tensile and creep testing. The axes of the specimens were parallel to the 70 mm direction of the plates.
Tensile testing at room-and elevated (150 C)-temperature was carried out at a cross head speed of 5 and 3 mm/min, respectively, using an Instron-type testing machine.
Tensile creep testing was performed in the temperature 
Microstructure analysis
The microstructure of the die cast specimens was analyzed using optical microscopy, scattering electron microscopy (SEM) and X-ray diffraction (XRD). Specimens for optical and SEM were prepared from the 3 mm thick section of die cast specimens and then polished and etched. SEM observations were performed using a JEOL JSM-6360LA SEM fitted with an energy dispersive spectroscopy (EDS) system for composition analysis of intermetallic compounds. Figure 2 shows as-cast microstructures of several experimental alloys AM50, AC505, AC515 and ACSr51520. It can be seen that the as-cast microstructure of these alloys consists of light dendritic -Mg grains, a dark interdendritic compound and spherical intermetallic compound which exists scattered. The interface of the interdendritic compound with magnesium matrix becomes more clearly by the Ca addition. It is evident from this figure that the addition of Ca and Sr leads to a significant increase of the volume fraction of interdendritic compound.
Results
Microstructures
In order to identify the existing phases in the alloys, XRD analysis was performed. Figure 3 shows the results of X-ray diffraction for AM50 and AC515 alloys. As for AM50, both diffraction peaks of -Mg and -Mg 17 Al 12 phases are detected, whereas no peaks are detected except the peak of -Mg in AC515 alloy. It is assumed that -Mg 17 Al 12 phases may not be observed due to the suppression of its generation caused by a strong combination with Ca and Al atoms.
Two kinds of peaks related to the interdendritic phase have been detected by XRD analysis of die cast Mg-Al-Ca alloys. One is the Al 2 Ca peak obtained by Sohn et al., 7) and the other is a (Mg,Al) 2 Ca peak obtained by Luo et al. 15) No unanimous opinion for the structure has been obtained. Now, it may be considered that no interdendritic phase peaks were detected in the present study because of lower Ca content. So SEM observations in ACSr51520 alloy were further performed to identify the existing phases and to reveal the morphology of the interdendritic phases in the alloy, as shown in Fig 
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Al-Ca based interdendritic phase in area A, it was found that the ratio of Mg, Al and Ca atoms is about 2:2:1 as a result of the composition analysis. Consequently, the molecular formula of the Al-Ca based interdendritic phase seems to be Mg 2 Al 2 Ca. Besides, Luo et al. have confirmed the formation of a (Mg,Al) 2 Ca phase by the selected area diffraction, 14, 15) though the existence of the Mg-Al-Ca based ternary eutectic compounds hasn't reported by a phase equilibrium diagram. 16) By the way, the transformation of the Mg 2 Al 2 Ca phase into the equilibrium phase Al 2 Ca is recognized by heating for 24 h at 450 C. Therefore the Mg 2 Al 2 Ca phase is though to be a metastable one.
Further, Al-Sr based interdendritic phase is observed in area B. It was found out that the ratio of Mg, Al and Sr atom is about 4:4:1 as a result of the composition analysis using EDS. Consequently, the molecular formula of this phase was determined as Mg 4 Al 4 Sr which is different from three kinds of any phases reported in Mg-Al-Sr alloy by Pekguleryuz et al. 17, 18) and hasn't reported by a phase equilibrium diagram.
18) The transformation of the Mg 4 Al 4 Sr phase into the equilibrium phase Al 4 Sr is recognized by heating for 24 h at 450 C. Therefore the Mg 4 Al 4 Sr phase seems to be a metastable one.
Solution contents of Al and Mg atoms into magnesium matrix in the center of grains were approximately 1.0 and 0.3%, respectively. Therefore, it is thought that most of the amounts of both Al and Ca additions segregate around the grain boundary.
Also, it was found from the result of element analysis with EPMA that spherical compound indicated by arrow C in Fig. 4 is an Al-Mn based intermetallic one. Figure 5 shows the effect of Ca and Sr additions on the casting crack susceptibility of AM50 based alloys. No casting cracks are observed in AM50. The casting cracks occur slightly in AC505 alloy containing 0.5%Ca and then increases dramatically with additional Ca content above 1%. This result agrees with the report in the previous investigation. 5, 6) The casting cracks occur mainly parallel with the width direction near the step where the thickness changes from 2 mm to 1 mm. The roundish cell-shaped unevenness being more characteristic of local melting is observed by SEM observation of the crack surface, as shown in Fig. 6 . So it is apparent that the casting cracks are hot cracking associated with the stress concentration during solidification shrinkage.
Castability
Such casting cracks are greatly suppressed with increasing the amount of Sr addition to the AC515 alloy. The casting crack length of ACSr51520 with 0.22%Sr decreases to about one-tenth of that of AC515, and its castability is superior to that of AE42.
It is obvious from the above-mentioned results that the casting crack susceptibility is significantly improved by a small amount of Sr addition.
Tensile properties
Figures 7 and 8 show the tensile testing results for experimental alloys at room temperature and 150 C, respectively. As seen from Fig. 7 , at room temperature, with increasing Ca contents in AM50 alloy, the 0.2% proof stress slightly increase, while the tensile strength and elongation decreases sharply with increasing Ca below 1% and then almost saturate above 1%Ca. A change of tensile properties due to such Ca addition is similar to the result reported by Berkmortel et al. 9) Also, as shown in Fig. 7 , at room 
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Y. Nakaura, A. Watanabe and K. Ohori temperature the 0.2% proof stress, tensile strength and elongation increase with increasing Sr contents in AC515 alloy. Especially, the tensile strength and elongation increase sharply by a small addition of 0.07%Sr. At 150 C, the behavior of the 0.2% proof stress and elongation with increasing Ca contents in AM50 alloy is the same as that at room temperature, while the tensile strength is almost constant, as seen from Fig. 8 . Also, as shown in Fig. 8 , both 0.2% proof stress and tensile strength slightly increase with the increase of Sr contents in AC515 alloy, while the elongation decreases slightly.
Creep properties 3.4.1 Creep curves
The shape of the creep curves of several alloys tested at 150 C and at initial stress of 50 MPa are illustrated in Fig. 9 ; the primary creep region is short, and is followed by a secondary creep stage. It is clear from this figure that the Ca addition to AM50 alloy significantly improve the creep resistance of Mg-Al based alloys and the addition of 0.2%Sr to AC515 alloy further improve the creep resistance of MgAl-Ca based alloys.
The creep strain of the AM50 after 50 h at 150 C/50 MPa was 6.4, which was reduced to 0.91, 0.29, and 0.15 for AC510, AC515 and ACSr51520 alloys, respectively. The creep strain of AC510 alloy was smaller than 1.88 for AE42.
The secondary creep rate of Mg-Al based alloys was also reduced with increasing additional contents of Ca and Sr, as shown in Fig. 10 . The secondary creep rate of AC515 alloy with 1.5%Ca is 4:8 Â 10 À9 s À1 which is about three orders in magnitude lower than that of AM50. Further, it is reduced to 9:5 Â 10 À10 s À1 for ACSr51520 alloy with 0.2%Sr. As a convenient method, the secondary creep rate _ " " is often used as the index of the creep strength in order to understand the creep mechanism. It is well recognized for most pure metals and alloys that it can be described by the following Arrhenius-type equation (1) in power-law stress range.
where A is a constant, is the applied stress, n is the stress exponent, Q is the apparent activation energy for creep, R is the gas constant and T is the absolute temperature. The parameter, n and Q are related to the dominant mechanism of deformation, which varies with applied stress and temperature. The stress dependence at 150 C and the temperature dependence at 50 MPa for several experimental alloys AC505, AC515 and ACSr51520 are described as follows.
Stress Dependence of Creep Rate
The stress dependence of the secondary creep rate of several experimental alloys AM50, AC505, AC510, AC515 and ACSr51520 tested at 150 C are plotted in Fig. 11 . The stress exponent values obtained from the gradient of the straight line for each alloy are 5.6 for AM50, 4.9 for AC505, 3.2 for AC510, 2.3 for AC515 and 1.7 for ACSr51520 alloy. The stress exponent value (n ¼ 2:3 and 1.7) of AC515 and ACSr51520 alloys is close to 2, which is consistent with the result obtained for the Mg-5%Al-3%Ca alloy by Luo et al. 14, 15) Also, the low value of n $ 2 was reported for three alloys (AZ91, AS21 and AE42) tested at low stresses by Dargusch et al. 19) The n ¼ 2 is though to be related to grain boundary sliding as the prominent creep mechanism. The n value for AM50, AC505 and AC510 alloys is in the range of 3-6, which is reported for three Mg-Al based alloys described above tested at high stress. 19) It is known that the creep mechanism for the value of n ¼ 3{6 is dislocation motions.
These results suggest that in Mg-Al-Ca based alloys the creep mechanism at 150 C and below 70 MPa can be thought 
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to change from dislocation motions under 1.0%Ca to grain boundary sliding above 1.0%Ca. Figure 12 is an Arrhenius plot that gives the temperature dependence of the secondary creep rate of several experimental alloys AC505, AC515 and ACSr51520 tested at 50 MPa. The apparent activation energy estimated from the slope of these straight line relationships were found to be 105, 40 and 60 kJ/mol for AC505, AC515 and ACSr51520 alloys, respectively. The Q value of 105 kJ/mol for AC505 alloy is close to 135 kJ/mol, 20) which is the self-diffusion energy in the magnesium lattice. The Q value of 40 kJ/mol for AC515 alloy is well consistent with that obtained by other researchers, 15, 19) who reported 36 to 44 kJ/mol for creep of other MgAl based alloys such as AS21, AE42 and is related to the grain boundary sliding mechanism promoted by discontinuous precipitation of phase for which the activation energy is 30 kJ/mol. 21) The value of Q of 60 kJ/mol for ACSr51520 alloy is close to the activated energy for grain boundary diffusion which would be estimated to be about 0.5-0.6 of that for lattice self diffusion.
Temperature Dependence of Creep Rate
These results suggest in the same manner as mentioned in 3.4.3 that, in Mg-Al based alloys the creep mechanism at 50 MPa in the temperature range of 150-200 C can be thought to change from dislocation motions under 1.0%Ca to grain boundary sliding above 1.0%Ca.
Discussion
Effect of Ca,Sr addition on castability
As shown in section 3.2, the casting crack susceptibility grows with increasing the amounts of Ca addition to the AM50 alloy, while it is improved with increasing the amounts of Sr addition to the AC515.
Generally, it is known that the casting crack susceptibility corresponds well to the solidification temperature range, and casting cracks occur more easily the wider this temperature range is. The solidification temperature range of each alloy is shown in Fig. 13 . The temperature range tends to slightly extend mainly by the lowering of the solidus temperature with the increase of Ca content, while the solidification temperature range of the AM50 alloy is 62 K, and in the AC515 alloy it extends to 72 K. On the contrary, in ACSr51520 alloy with 0.2%Sr added to AC515 alloy, the solidification temperature range narrows by 50 K mainly by the rise in the solidus temperature.
Also, the estimated result of fluidity of each alloy is shown in the figure. The evaluation of the fluidity was carried out using the spiral flow test mold. Generally, the flow length varies inversely as the solidification temperature range, namely, when the solidification temperature range is wide, the flow length is shortened and it is lengthened in the narrow case. The result of this examination also shows the similar tendency. The factors of the molten metal, which affect flow length, contain viscosity, surface tension, surface oxide film of the molten metal and so on. The viscosity of the molten metal is recognized empirically to increases clearly with increasing the amount of Ca addition. And firmer surface oxide film is formed by Ca addition. It seems that the flow length is shortened by Ca addition on the effect of the above factors. On the contrary, the viscosity of the molten metal is recognized empirically to lower clearly with the increase of the amount of Sr addition. In addition, the grain size is refined from 15.6 mm to 6.6 mm by 0.2%Sr addition. As grain size is smaller, it is easy to propagate and free the contractile stress, which arises in the solidification, and it is also considered that there is large effect on the From the above result, the casting crack susceptibility seems to grow with increasing the amounts of Ca addition due to the enlargement of the solidification temperature range and the lowering of what is so-called ''feeding effect'' caused by the deterioration of the fluidity. As compared with this, the improvement of the casting crack susceptibility due to the Sr addition seems to be attributed to the narrowing of the solidification temperature range, the enhancement of the fluidity and the grain refinement.
Effect of Ca,Sr on tensile properties
As shown in section 3.3, the addition of Ca to AM50 alloy decreases sharply both tensile strength and elongation but increases slightly the 0.2% proof stress. On the other hand, the addition of Sr to AC515 alloy significantly improves both tensile strength and elongation and slightly increases the 0.2% proof stress, as well.
The part of tensile fracture surface is found to be roundish tassel-shaped by the SEM observation in the AC515 alloy, as shown in Fig. 14 . Therefore the starting point of cracking could be thought to be associated with some internal defects. Figure 15 shows the observation results of the casting defect in several alloys. As obvious from Fig. 15(a) , the spherical porosity with a diameter of less than 0.5 mm which can be considered as the blow hole is recognized a little in the AC505 alloy. As shown in Figs. 15(b), (c) , the parts where shrinkage microporosity occurs continuously along the cell boundary are observed in the AC510 and AC515 alloys containing more than 0.89%Ca and these increase with increasing the amount of Ca addition, whereas the generation of such a shrinkage microporosity is suppressed by the addition of 0.2%Sr as shown in Fig. 15(d) .
Furthermore, the porosity rate of each alloy measured using Archimedes' method is also described in Fig. 15 . These results show the same tendency as the above-mentioned results and agree well with to the tendency of elongation at the room temperature also shown in Fig. 7 .
From these results, the decrease of tensile strength with increasing Ca contents seem to be attributed to the reduction of elongation caused by the remarkable occurrence of shrinkage microporosity.
On the other hand, the increase of tensile strength due to Sr addition seems to be attributed to the improvement of elongation caused by the significant suppression of shrinkage microporosity. The mechanism by which such shrinkage microporosity is reduced may be related to the reduction of the surface tension of molten metal that facilitates the feeding of very narrow interdendritic shrinkage channels during solidification as reported in AZ91D. 22) The increase of 0.2% proof stress at room and elevated temperature may be thought to be attributed to the development of the network of the grain boundary phases and the enhancement of these thermal stability caused by Ca addition, though the 0.2% proof stress in elevated temperature of AM50 alloy decreases remarkably due to the discontinuous precipitation of thermally unstableMg 17 Al 12 phases. Besides, as the solubility of Ca in the matrix is very low, solid solution hardening cannot be considered as the strengthening mechanism. 22) The further increase of 0.2% proof stress by the addition of Effects of Ca,Sr Additions on Properties of Mg-Al Based Alloysless than 0.22%Sr can be thought to be due to the grain refinement mentioned above.
Creep mechanism
As shown in section 3.4.2, it seems that the stress exponent, n, in Eq. 1 is approximately 2 for both AC515 and ACSr51520 alloys for low stress levels under 70 MPa at 150 C. Still more, the optical microstructure in AC515 alloy undergoing creep deformation for 382 h under 50 MPa at 150 C is shown in Fig. 16 . As obvious from this figure, creep deformation does not result in a clear change of the grain structure and interdendritic compounds. This observation and n value of $ 2 seem to indicate that grain boundary sliding is a dominant creep mechanism for both AC515 and ACSr51520 alloys for low stress levels under 70 MPa at 150 C. Moreover, the n value in AC505 alloy containing 0.5%Ca is $6 and this value of n relates to dislocation creep, as reported for the Mg-Al based die cast alloys examined at high stress levels. 23) The improvement of creep resistance by the addition of alkaline earth elements (Ca,Sr) seem to be attributed to the suppression of grain boundary sliding due to the creation of thermally stable Al-Ca and Al-Sr based compounds along the grain boundaries. The increase of the additional contents increases the covering rate of those compounds along the grain boundaries and seems to improve creep resistance as a result.
Apparent activation energies for creep of AC515 and ACSr51520 alloys, at applied stress of 50 MPa where n $ 2, were found to be approximately 40 and 60 kJ/mol, respectively. These Q values are fairly lower than 135 kJ/mol for the activation energy for lattice self-diffusion of Mg and are close to the value of 30 kJ/mol determined for the apparent activation energy for discontinuous precipitation ofMg 17 Al 12 in a Mg-9%Al alloy. Figure 17 shows the results of X-ray diffraction for AC515 and ACSr51520 alloys that undergo creep deformation for 382 h under 50 MPa at 150 C. As found from this figure, discontinuous precipitation of -Mg 17 Al 12 phase during creep deformation occurs in AC515 alloy, whereas appreciable precipitation does not occur in ACSr51520.
In the superplasticity where the deformation mechanism is grain boundary sliding, accommodation acts to relieve strain concentration in grain boundaries or grain boundary triple points generated during grain boundary sliding. Diffusion flow and dislocation motion have been proposed as the typical mechanism. 24) Such an accommodation process is the rate-controlling process of the superplasticity.
Discontinuous precipitation involves grain boundary migration with the progress of the precipitation process. As for the alloy in which discontinuous precipitation occurs, grain boundary migration caused by the discontinuous precipitation seems to act as an accommodation process. Thus it seems possible that as for AC515, the grain boundary migration due to the discontinuous precipitation ofMg 17 Al 12 phase is the rate-controlling process of creep deformation.
Also, the rate-controlling process of creep deformation in ACSr51520 alloy may not be the grain boundary migration but the grain boundary diffusion for the reason that the activation energy is close to that of the grain boundary diffusion.
In either case, as for ACSr51520 alloy, the discontinuous 10 m µ precipitation of -Mg 17 Al 12 phase is further suppressed compared with AC515 alloy and this seems to be one of the causes for the improvement of creep resistance due to the Sr addition, as well.
Summary
Effects of Ca alone and Ca/Sr composite additions on microstructures, die castability, mechanical properties and creep properties of the Mg-Al based alloys were investigated and summarized as follows:
(1) Ca addition more than about 1% to AM50 alloy significantly improves creep resistance but deteriorates die castability and tensile strength and elongation. 
